Bilateral internal thoracic artery (BITA) grafting is considered a superior choice for coronary artery bypass grafting (CABG). While the 10-year outcomes of BITA grafting from the recent Arterial Revascularization Trial (ART) are still pending, numerous observational studies have demonstrated the advantages of BITA grafting. These include better long-term graft patency and freedom from arteriosclerosis, in addition to higher survival rate compared to CABG using only the left internal thoracic artery (ITA). The different BITA configurations are in situ and composite-the choice of optimal grafting configuration is challenging.
Introduction
As the right internal thoracic artery (RITA) is anatomically and histologically similar to left ITA (LITA) with matching endothelial function (1) and RNA expression level (2) , bilateral internal thoracic artery (BITA) grafting has become the reliable option in coronary artery surgery. Many observational studies have demonstrated the superiority of using BITA compared to single ITA for coronary artery bypass grafting (CABG) with respect to outcomes such as short-term and long-term graft patency and survival (3) (4) (5) . Importantly, this superiority becomes more evident 10 years after the procedure in most series (6) . Despite these positive data, the best configuration of BITA conduits during CABG remains a matter for debate. The aim of this review was to clarify the advantages and disadvantages of two BITA grafting methods (composite vs. in situ) and discuss basic principles of the revascularization using BITA.
Technical considerations
When comparing in situ versus composite ITA grafting, it is important to determine whether the grafts will be harvested in a skeletonized manner, and if a strategy of sequential grafting will be performed.
Skeletonization of ITA
The skeletonization harvesting technique is useful to increase graft length and optimize conduit utilisation. The use of skeletonized ITA has been described previously and demonstrates excellent safety and long-term patency (7, 8) . Technically, skeletonization is often criticized for its longer harvesting time (9) and potential risk of damaging the ITA. It should be noted, however, that pathologic studies have not shown any endothelial damage when the ITA is adequately harvested either by electric cautery or by ultrasonic scalpel (10, 11) . Some publications have reported longer harvesting times for skeletonized versus conventional, non-skeletonized conduits, but it can be completed in 25-30 minutes in most cases (12, 13) .
With respect to graft length, Higami and colleagues (13) have described an ITA harvesting technique using the ultrasonic Harmonic Scalpel (Ethicon Inc., Cincinnati, Ohio, USA) and demonstrated that the mean effective length of the ITA obtained was approximately 4 cm longer than that obtained using the conventional thick pedicle harvesting technique (13) . They concluded that, in most of the cases, this extra length enables complete revascularization of the anterior and lateral walls using the LITA/RITA associated with sequential grafting, if the heart is not enlarged. They also demonstrated sufficient free flow in both the LITA (122.2±44.8 mL/min) and RITA (137.7±51.7 mL/min), which reduces the likelihood of competitive flow during sequential grafting. Similar data have been reported by Wendler and colleagues (14) , who also show significantly higher free flow in skeletonized ITAs compared to pedicled ITAs (197.2±66.6 vs. 147±70.5 mL/min, P<0.005).
With respect to avoiding infection, a post hoc analysis of a recent, large-size, randomized, controlled study, the Arterial Revascularization Trial (ART), showed lower incidence of sternal wound complications in the skeletonized BITA group compared to the pedicled BITA group (15) . Additionally, the recent guidelines from the Society of Thoracic Surgeons (STS) support skeletonization when using BITA (COR IIa, LOE B) (16) .
Sequential grafting using ITA
Sequential grafting ( Figure 1A,B) is a very useful technique performed to achieve effective revascularization with only two ITAs. Sequential grafting requires the use of two different anastomotic techniques. A diamond anastomosis is constructed with the conduit perpendicular to the coronary target. A parallel anastomosis is constructed when the conduit is parallel to the coronary target, in either a sideto-side or end-to-side configuration (17) . In the diamond anastomosis, the size of the ITA incision must not exceed the diameter of the ITA to avoid a "seagull deformity" of the anastomosis (Figure 2) .
Sequential grafting using ITA is technically challenging because of the smaller diameter compared to vein grafts, limited length and the need to appropriately configure the multiple distal anastomoses. Despite these challenges, excellent outcomes have been reported by many groups. A recent propensity-matched study by Ji and colleagues (18) showed comparable graft patency between LITA-diagonalleft anterior descending (LAD) (99.1% at the diagonal site, 98.1% at the LAD site) and LITA-to-LAD (98.2%) at 27 months. With respect to LITA sequential grafting for the lateral and inferior walls, clinical results are available from studies conducted in Turkey, Japan, and Canada. Bakay and colleagues (19) , using patency data from 101 patients who underwent sequential LITA grafting for circumflex coronary artery (Cx) and right coronary artery (RCA) lesions, show that patency rates at 27 months after sequential anastomosis to the circumflex artery and the RCA were 98.0% and 95.0%, respectively. Ohira and colleagues (17) have analyzed LITA sequential grafting to left circumflex lesions in propensity-matched patients groups (LITA-Cx individual grafting vs. LITA-Cx sequential grafting, n=147) and illustrated that freedom from target vessel revascularization was 94.6% in sequential group and 96.3% in the individual group (log-rank In their trial, they evaluated grafts with systematic followup angiogram, and showed RITA patency up to 94.5% in BITA-Y grafting group, which were done in sequential grafting at 3 years after the procedure (20) . Despite these positive results, previous studies have also identified problems with sequential grafting. The most concerning issues pertain to graft design and function (competitive flow, string sign). The study by Ohira and colleagues (17) demonstrated a better patency of the distal segment of the sequential graft with a diamond anastomosis compared to a parallel anastomosis at the early postoperative period (98.4% vs. 90.7%, respectively). The reason for this difference is unclear, but factors such as suboptimal graft configuration or inappropriate selection of the target vessels may have influenced patency rates. However, we need to recognize that the patency of ITA is still higher than that of saphenous vein grafts (21). Nakajima and colleagues (22) have also published longterm angiographic data on sequential grafting to investigate the predictors of competitive flow. In targets where the stenosis was 51-75%, they found that RCA territories, end-to-side anastomosis, and RA composite grafts were all significant predictors of competitive flow. Glineur et al. have reported similar data on graft function using the Y-composite graft (23) . Specifically, they found that RITA function improved when it was used on several branches of the circumflex and on tight (>70%) stenosis on the first circumflex branch, but was worsened by grafting distal branches of the RCA.
To achieve successful sequential grafting, several factors have to be taken in consideration, such as: coronary anatomy, severity of the coronary lesion, graft configurations and quality, conduit length and type of anastomosis.
In situ BITA grafting
Techniques of in situ BITA grafting (advantages and disadvantages) (I) LITA-to-LAD, RITA-to-Cx (crossing the transverse sinus);  Advantages:  RITA is used as an individual graft; there are no graft function issues;  Safe approach in patients who may require a redo sternotomy;  LITA reaches the distal LAD in case of calcified mid LAD, which is not graftable and also enables us to perform sequential LAD-Diag.  Disadvantages:
 The length of the RITA does not always allow performance of this technique without significant tension in the RITA;  RITA in the transverse sinus only reaches the ramus or first obtuse marginal (OM) and therefore can require a third graft;  T h e l i m i t e d l e n g t h o f t h e R I T A i n t h i s configuration often leads to use the very distal end of the RITA, which has been described as more muscular with lower patency. (II) RITA-to-LAD, LITA-to-Cx.
 Advantages:  Each ITA is used in situ, and can provide sufficient blood flow to the distal targets;  Sequential grafting with the LITA can be performed on the lateral myocardial wall.  Disadvantages:
 The RITA crosses the midline, which significantly increases the risk of graft injury during redo surgery;  The length of the RITA often does not reach the distal LAD for cases of intra myocardial mid LAD or severe mid LAD calcifications;  It is very difficult to perform sequential Diag-LAD grafting with the RITA used in this configuration;  T h e l i m i t e d l e n g t h o f t h e R I T A i n t h i s configuration often requires the use of the very distal end of the RITA, which has been described as more muscular with lower patency;  There is often the need for a third graft for the distal Cx.
Clinical and angiographic results of in situ BITA grafting LITA-to-LAD grafting is the long-standing and proven gold standard in coronary artery surgery. However, the safety and efficacy of RITA to LAD grafting has also been shown. Indeed, Raja et al. (24) reviewed data from 1,667 patients who underwent BITA grafting, and propensity matched them into two cohorts, either RITA-LAD + LITACx (n=546) or LITA-LAD + RITA as a free/composite graft (n=546). The clinical outcomes were compared, and the authors found no difference in the rates of late death or repeat revascularization after an average of 7.8 years. With respect to patency, Fukui et al. (25) analyzed angiographic data on skeletonized RITA that were obtained during the early postoperative period and at 1-year post-procedure. Focusing on in situ RITA, the best patency rate was obtained with a RITA-to-anterior wall graft (99.4% in the early postoperative period and 98.4% at 1-year), while the in situ RITA-to-lateral wall graft also showed good patency (98.1% in the early postoperative period and 89.3% at 1-year), although it was inferior to the RITA-to-anterior wall graft. The RITA-to-LAD strategy significantly increases the risk during re-entry and therefore, the grafting strategy has to take into consideration the possible need for a future repeat sternotomy. Data from the Cleveland Clinic (26) show that the rate of an ITA injury during a redo procedure is at least 1.3%, and that once it occurs, the prognosis is poor. Endovascular treatments for aortic valve replacement should decrease this risk in the future. On the contrary, a redo CABG after BITA grafting is expected to be extremely rare because of the excellent long-term graft patency after BITA.
Routine protective RITA measures, such as placing the RITA within the thymus tissue and keeping it away from the posterior table of the sternum during the initial operation, should be performed in all the cases.
Composite BITA graft strategies
BITA composite techniques
Composite BITA grafting is a technique that facilitates increased grafting plasticity to the free RITA due to the extra length provided by this configuration. This grafting technique allows revascularization of the entire anterior and lateral myocardial walls without limitation. Depending on the patient's anatomy, the RITA may even reach the distal RCA territory. As described in previous publications (27, 28) , in this configuration the free RITA is anastomosed to the posterior wall of the LITA using 8-0 polypropylene suture. To revascularize lesions in the OM or posterior lateral artery (PL), the RITA is anastomosed to the LITA at a 60-degree angle, known as a Y composite ( Figure 3A) . If the ramus intermedius or a diagonal branch is the target, it is preferable to anastomose the RITA to the LITA as a T composite at a 90-degree angle ( Figure 3B) . In either case, the anastomosis should be made on the dorsal side of the LITA, and it should rest within the pericardium to avoid kinking.
Advantages and disadvantages of the BITA composite strategy  Advantages:
 This grafting technique allows revascularization of the entire anterior and lateral myocardial wall without any limitation;  In cases with an occluded or sub-occluded RCA, this strategy also allows revascularization of the RCA system.  Disadvantages:
 The integrity of the ITA-to-ITA anastomosis is crucial, and technical issues can completely jeopardize the revascularization;  The risk of competitive flow significantly increases with the length of the RITA. Therefore, distal coronary targets of the RITA on the distal lateral wall or inferior wall have to be severely narrowed to avoid flow competition. The greatest benefit of the BITA composite strategy is that it allows complete revascularization without the need for additional conduits and therefore, the need for aortic manipulation during construction of the proximal anastomosis. In addition, in this configuration, the RITA does not cross the midline, which is advantageous in a redo situation. Concerns regarding BITA composite grafting include potential risks of "steal phenomenon" and "competitive flow" from the LITA to the RITA, and the fact that this composite design may not result in adequate flow to the entire coronary system. With respect to the steal phenomenon, Glineur et al. have published data on catheter-based fractional flow reserve (FFR) assessment of BITA Y-composite grafts (29) , which shows that there was no difference in conductance between the two Y-graft branches during hyperemia, attesting to the safety of this graft configuration. With regard to flow capacity, Sakaguchi et al. have used PET scans to assess the regional myocardial blood flow and coronary flow reserve at 2 weeks after CABG between Y-composite and individual grafts (30) . In their study, as the Y-composite graft showed significantly lower flow reserve, they concluded that the Y-composite is not as effective as individual grafting. Not every group came to the same conclusion. Lemma et al. (31) have demonstrated persistence of flow reserve in the area of the Y-graft during an increase in myocardial blood flow induced by atrial pacing. Similarly, Royse et al. (32) have published data supporting the ability of the Y-composite graft, to remarkably increase its free flow through the ITA axis from 99.9±16 to 173±16 mL/min, when the Y-graft composite was used.
Clinical and angiographic results of BITA composite
Mid-term and long-term results of BITA composite grafting have been published by many groups (19, 32) . A recently-published prospective randomized trial by Glineur et al. (20) compared in situ BITA grafting vs. BITA Y-grafting (N=152 in each group). The authors found no difference in the rates of in-hospital mortality, late survival, stroke, myocardial infarction, or patency of the ITA at 3 years. Despite these early similarities, the BITA-Y grafting group had a lower incidence of major adverse cardiac and cerebrovascular events (MACCE) at 7 years (in situ group; 14%±4.5% vs. BITA-Y group 7.4%±3.2%, P=0.009) and lower incidence of revascularization events (in situ 28 vs. BITA 11, P<0.01). The differences in revascularization rate were primarily due to the increased incidence of percutaneous coronary intervention (PCI) to vessels that were not revascularized by ITA grafts in the in situ group.
Results from retrospective studies are also available. Calafiore and colleagues (33) (34) , which showed that the clinical outcomes of BITA grafting were independent of surgical configuration. The authors concluded that Y grafting increases the plasticity of BITA by increasing the number of distal territories that can be reached with this configuration. Huang and colleagues (35) compared an in situ group versus a Y graft group (all cases were performed using an offpump approach) using propensity-score matched analysis. There were no differences in early, 1-year, and 5-year graft patency rates. Furthermore, freedom from cardiac death, reintervention-free rate and major adverse cardiac-events were similar between the two groups.
In summary, Y composite grafting is a safe and effective strategy which allows complete revascularization of the left coronary system with the best available graft.
Conclusions
Bilateral ITA grafting is a technique that improves clinical outcomes after CABG, but the debate on which BITA grafting strategy is the best remains unsolved. To maximize the advantages of BITA use, skeletonized ITA harvesting and the adoption of multiple sequential anastomoses are recommended. Composite Y or T grafting allows revascularization of the entire left coronary system using both internal thoracic arteries. While composite Y grafting enables revascularization of distal branches of the right coronary system, the degree of target vessel stenosis should be critical to avoid competitive flow and potential graft malfunction. In situ BITA grafting is also a very efficient strategy to revascularize the left coronary system.
The question is not which BITA grafting technique is better, but rather which technique is most likely to allow complete revascularization with arterial targets for a specific patient. The choice of BITA grafting strategy should be based on the coronary anatomy and patient characteristics in order to maximize the completeness of revascularization and minimize the long term MACCE.
